Introduction
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The European Union has committed itself to an average reduction of greenhouse gas (GHG) 97 emissions of 20% by 2020 and 40% by 2030 relative to 1990 (EuroStat, 2017) . Herewith, 98 agriculture is projected to obtain a 17% reduction in GHG emissions by 2020, partly due to 99 decreasing use of fertilizers and increasing productivity (EuroStat, 2017) . Indeed, the 100 agricultural sector is responsible for more than 40% of anthropogenic methane (CH4) emissions 101 and more than 50% of nitrous oxide (N2O) emissions (EuroStat, 2017) . Both CH4 and N2O are 102
GHGs with global warming potentials that are, respectively, 25 and 298 times greater than that 103 of carbon dioxide (CO2) (EuroStat, 2017) . The main sources of CH4 are enteric fermentation 104 and manure management, while N2O is mainly derived from the turnover of nitrogen in 105 fertilizers, manure and crop residues, and indirectly from the turnover of nitrogen lost to the 106 environment via ammonia volatilization or nitrate leaching (EuroStat, 2017). Significant 107 reductions in GHG emissions are therefore expected if CH4 and N2O emissions can be reduced 108 via improved management practices in agriculture. 109 110
Decentralized anaerobic digestion (AD) in agriculture provides possibilities to reduce GHG 111 emissions by producing a CH4-rich biogas from manure and crop residues. A decentralized 112 biogas plant is a small digester located on a farm that treats substrates from the farm and local 113 sources such as household food waste and waste from food processing plants. Such small biogas 114 plants could fulfill a useful role in rural areas where cumulatively large amounts of organic 115 wastes are often handled sub-optimally owing to costs of transporting them to large centralized 116 AD facilities. The produced biogas can be transformed into electricity, heat or fuel for the farm, 117 while the resulting digested waste, i.e. the digestate, can be returned to land as a valuable 118 organic-mineral fertilizer, thereby reducing the use of chemical fertilizers (Vaneeckhaute et al., 119 2013a (Vaneeckhaute et al., 119 , 2014 (Vaneeckhaute et al., 119 , 2016 . As such, closed loop recycling management systems could be strengthened 120 and emissions from conventional manure storage and application could potentially be reduced. 121
The use of digestate can also contribute to carbon sequestration, since digestate organics are 122 incorporated into the soil (Vaneeckhaute et al., 2013a (Vaneeckhaute et al., , 2014 . Anaerobic digestion can also 123 create new sources of income for farmers, such as carbon credits. 124 125
Despite many opportunities for farm-scale biogas plant development in rural regions, the 126 widespread adoption of decentralized biogas technology has yet to take off (ADAS and SAC, 127 2007). Currently less than one percent of the potential benefits from anaerobic digestion are 128 being realized (EUBIA, 2017). Reasons for this include the non-supportive regulatory 129 framework, the lack of economic incentives for potential investors, as well as the lack of 130 knowledge and accurate quantitative studies on the potential benefits of decentralized digestion 131 (EUBIA, 2017 (Table 3) .
Digester leakage kg CH4 = Mg DM x m 3 /Mg CH4 yield (Table 2) (Table 3) x 0.67 kg/m 3 -1% digester loss -0.5% CHP slip x 50 MJ/kg LHV x CHP electricity efficiency (35%) -6% parasitic load x natural gas combined cycle electricity generation burdens per MJ generated from Ecoinvent v3.1.
Avoided oil/gas heating
Avoided burdens = Mg DM x m 3 /Mg CH4 yield (Table 3) x 0.67 kg/m 3 -1% digester loss -0.5% CHP slip x 50 MJ/kg LHV x 50% CHP heat efficiency x 50% utilization rate x oil/gas heat burdens per MJ heat from Ecoinvent v3.1.
Avoided NPK fertiliser manufacture
Avoided burdens = Mg DM x nutrient contents, kg/Mg (Table 3) 
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Economic dimension 282
To properties of the residues (low, average or high nutrient content). For the liquid digestate, 306 trailing hose application was assumed, while the solid digestate was spread using a conventional 307 solid manure spreader. For the prevailing conditions, storage cost was not included, as the farm 308 companies did not finance it, nor was the cost for the digestate included as it was freely 309 available. 310 311
In addition to the above NPV calculations for digestate handling at the farm level, an estimation 312 of farm-scale biogas plant construction and operating costs, as well as revenues from heat and 313 electricity generation, and possible gate fees for food and slaughterhouse waste, has been 314 performed using the NNFCC AD cost calculator (NNFCC, 2013) adapted to Southern Sweden.
315
These data were used to calculate the internal rate of return (IRR), i.e., the discount rate that 316 makes the overall NPV equal to 0. A 6% interest rate was applied throughout the economic 317 modelling where amortisation calculations were required, e.g., for AD capital investment costs. The results of the inquiry are hence representative for the entire institution. 346 347
Results and Discussion
348
3.1 Environmental dimension: Life cycle assessment (LCA) 349 Table 5 summarizes the environmental balance of the two considered farm biogas plant 350 typologies across the four most important environmental impact categories. Digestion of pig 351 slurry leads to a considerable reduction in GHG emissions, avoiding almost 858 Mg CO2e per 352 year, and saves over 3,317 GJe of fossil energy -the latter value being somewhat sensitive to 353 biomethane yields (Table 5 ). The largest GHG credit arises from the avoidance of conventional 354 manure management (slurry storage and spreading) (Figure 2 ). Eutrophication and acidification 355 burdens slightly increase (Table 5) , largely owing to ammonia emissions from digestate storage 356 and application being greater than counterfactual emissions from undigested pig slurry storage 357 and application (Figure 2) . Indeed, through anaerobic digestion the ratio of ammonium nitrogen 358 relative to total nitrogen increases, thereby increasing the potential amount of ammoniac 359 volatilization (Vaneeckhaute et al., 2013b ). More appropriate digestate storage and application 360 strategies, e.g., storage of digestate in covered tanks and application through injection, could 361 further improve the overall environmental balance. Finally, the fossil resource depletion 362 potential is significantly reduced through farm-scale digestion, mainly due to the avoided use 363 of fossil energy through biogas production and utilisation (Figure 2 ). 364 365 
Economic dimension: NPV and IRR calculations 377
The net present value (NPV) for the liquid digestate handled using the model described in 378
Brundin and Rodhe (1994) and Rodhe et al. (2006) was between € -0.48 and € 1.98 Mg -1 yr -1 . 379
The main impacting factors were nutrient content, spreading strategy, application rate and time. 380
A 25% increase in nutrient concentrations of N, P and K meant an increased value of the liquid 381 digestate by € 0.85-1.02 Mg -1 yr -1 . A higher application rate of the liquid digestate in growing 382 crops (30 Mg ha -1 compared to 20 Mg ha -1 ) improved the profitability for each spreading 383 strategy with about € 0.20-0.60 Mg -1 yr -1 . At a rate of 30 Mg ha -1 , it was also more profitable 384 to spread the main part (2/3) of liquid digestate in the fore season for growing crops than 385 spreading the main part before sowing in autumn. At a lower rate of 20 Mg ha -1 , it was more 386 profitable to apply most of the digestate before sowing in autumn due to the lower soil 387 compaction of autumn spreading compared to spreading in spring. 388 389
The average NPV for solid digestate handled was about € 4.55 Mg -1 yr -1 . This higher value 390 compared to liquid digestate can be explained by the higher N and P concentration, the 391 possibility for autumn spreading with relatively low soil compaction, and the lower investment 392 costs for the spreader as compared to a slurry spreader. As expected, an operational strategy of 393 the biogas plant that results in a digestate with higher nutrient concentration improves the value 394 of the digestate. This can, for example, be achieved through optimization of the co-digestion 395 mixture or through solid-liquid separation following digestion. 396 397
When also including estimations of farm-scale biogas plant construction and operating costs, 398 as well as revenues from heat and electricity generation and possibly from gate fees for food 399 and slaughterhouse waste, the internal rate of return (IRR) after 20 years is about 5.1% for the 400 P scenario and 23.6% for the PO scenario described in Table 2 . A breakdown between profit 401 and loss is provided in Table 6 as calculated using the NNFCC AD calculator (NNFCC, 2013).
402
Costs for the PO scenario increase with a factor 1.3 as compared to the P scenario due to the 403 use of an energy feedstock (grass silage). Nevertheless, revenues are almost tripled due to the 404 higher biogas production of the organic waste feedstock as compared to pig manure, on top of 405 the considered gate fees for food waste and slaughterhouse waste. 421 The interviews showed that 4 out of the 8 stakeholder groups had a policy in place regarding 422 biofertilizers, among which one organization, the Swedish Organic Farmers Organization 423 KRAV, had criteria for the use of biofertilizers within the certification for organic farming 424 (Gunnarsson, 2012) . All 8 stakeholder groups predicted a bright future for biofertilizers, but 425 quality assurance and technological developments to concentrate mineral nutrients in the 426 biofertilizers were expected to be crucial to enable biofertilizers to compete with traditional 427 mineral nutrients, synthetically manufactured. The transport distance from the biogas plant to 428 the agricultural fields where the products can be applied, was also pointed out as a crucial point 429 of attention (Gunnarsson, 2012 
